The physiological changes seen in Pseudomonas aeruginosa after exposure to a bactericidal protein (BP) from the granules of human polymorphonuclear leukocytes were studied. It was demonstrated, using radiolabeled proline or leucine, that both the rate of cellular uptake and amino acid incorporation into trichloroacetic acid-insoluble material were markedly decreased immediately after exposure to BP. The rate of 02 consumption by P. aeruginosa was decreased immediately after exposure to BP and continued to decline exponentially until it ceased completely 30 min after exposure to BP. In the presence of 30 mM CaC12 or MgC12, bacteria were protected from death due to BP and respiration rates were unaffected. The cellular ATP pool of P. aeruginosa remained constant for up to 2 h after exposure to BP. Membrane depolarization was measured by the influx of the lipophilic anion thiocyanate. It was shown that the cytoplasmic membrane of P. aeruginosa was partially depolarized after exposure to BP. Purified BP killed 95% of 5 x 106 CFU of P. aeruginosa at a concentration of 60 to 100 ng of protein per ml. Although the concentration of bacteria and BP varied with each type of experiment, the BP/bacteria ratio required to cause a 95 to 99% loss in viability remained constant. We propose that cytoplasmic membrane depolarization is the biochemical lesion responsible for the other physiologicai changes seen and ultimately for the death of P. aeruginosa induced by BP.
physiologicai changes seen and ultimately for the death of P. aeruginosa induced by BP.
Over the past 20 years, Pseudomonas aeruginosa has assumed an increasingly prominent role as the etiological agent in serious infections among immunocompromised, hospitalized patients (10) . It is now responsible for the highest mortality rates among the opportunistic gramnegative infections. One of the most important host-protective mechanisms against P. aeruginosa infection is the polymorphonuclear leukocyte (PMN). The susceptibility of patients to infection with this bacterium can often be attributed to a failure of their PMN to ingest and kill bacteria (12, 18) .
The array of microbicidal mechanisms available to PMN, traditionally divided into oxygen-dependent and oxygenindependent systems, has been recently reviewed (1, 5, 14) . We have shown that the oxygen-independent bactericidal mechanisms of PMN from patients with chronic granulomatous disease is sufficiently active to kill P. aeruginosa with the same efficiency as do PMN from normal healthy individuals (4) . When partially purified from the granule fraction of normal PMN, the bactericidal activity against P. aeruginosa was relatively independent of pH over the 5.0 to 7.0 range and was inactivated by trypsin (N. K. Henry, Ph.D. thesis, University of Minnesota, Minneapolis, 1980).
A major factor contributing to the high mortality associated with infections caused by P. aeruginosa is resistance of the organism to a broad range of antibiotics. Resistance often develops even when aggressive multiple drug therapy is used. It is impressive that this highly versatile organism, with the potential to become a devastating pathogen, is easily and efficiently destroyed by the normal PMN found in healthy individuals. For this reason, it was of interest to explore the molecular mechanism by which PMN kill P.
aeruginosa.
Our laboratory has purified a bactericidal protein (BP) from the cytoplasmic granules of normal human PMN which has remarkable potency against P. aeruginosa. In this paper * Corresponding author.
we report the physiological changes seen in P. aeruginosa after exposure to BP. It was demonstrated that the rate of amino acid uptake, amino acid incorporation, and respiration all decreased immediately upon exposure to BP. It was also shown that BP depolarized the bacterial cytoplasmic membrane. We believe that cytoplasmic membrane damage is the biochemical lesion responsible for the other physiological changes seen and ultimately for the death of P. tories, Rockville Centre, N.Y.) column, which was eluted with a gradient of 0.1 to 0.7 M NaCl in CP buffer, pH 7.0. A pool of bactericidal fractions was concentrated by ultrafiltration, using a YM-10 membrane (Amicon Corp.). Protein concentration was determined by the Hartree modification of the Lowry method (3). This two-step purification scheme yielded a single 55,000-mlecular-weight band after 1 jxg of protein was applied to sodium dodecyl sulfate-polyacrylamide gels for electrophoresis (7) and silver staining (11) . Because the detection limit of this staining procedure in our hands was 1 ng, we have concluded that BP is at least 99.9% pure. Specific bactericidal activity was increased 150-fold, as determined by viable plate counts after dose-response of P. aeruginosa to BP. The amount of protein required to kill 95% of the bacterial inoculum of 5 x 106 was defined as 1 bactericidal unit (BU). Amino acid uptake and incorporation. Uptake of amino acids by P. aeruginosa and Proteus mirabilis was measured by a modification of the method described by Uratani and Hoshino (15) . A total of 5 x 106 CFU of bacteria per ml in CP-NB (10:1; pH 5.6) were aerated throughout the experiment on a reciprocal shaking water bath at 37°C. Cells were preincubated for 6 min, and at time zero 0.8 ,uCi of L-[U-
'4C]proline or L-[U-14C]leucine per ml was added. To measure amino acid uptake, 50-,ul samples were removed, diluted with 5 ml of the suspension solution, filtered through membrane filters of 0.45 ,um pore size (Millipore Corp., Bedford, Mass.), and washed once with 5 ml of the same solution. Five minutes into the assay, BP was added to the test cells or buffer was added to the control cells, and samples were removed at intervals for up to 1 h. The amount of proline or leucine incorporation into trichloroacetic acid (TCA)-insoluble fractions was determined by mixing 50 ,ul of the cell suspension with 5 ml of cold 10% TCA for 10 min at 4°C. Precipitates were trapped on Millipore filters and washed with 5 ml of 5% TCA. For both uptake and incorporation assays, membrane filters were air dried, immersed in 10 ml of scintillation fluid {19 mM PPO (2,5- and (A) 1 BU of BP was added as indicated by the arrow, (B) 30 mM CaCl2 was added, followed by BP, or (C) BP was added, followed by 30 mM CaCl2. A total of 96 ± 2% of the cells were killed by the BP at 1 min after its addition (A and C), while cells were protected by the prior addition of Ca2+ (B) and thus were not killed by BP. The lower tracing in all three panels represents the respiration of P. aeruginosa type I not exposed to BP.
Sigma Chemical Co. (St. Louis, Mo.). A 50-mg portion of FLE-50 was suspended in 20 ml of 0.1% bovine serum albumin-10 mM MgSO4-1 mM EDTA. Diluted FLE-50 was stored overnight at 4°C to allow endogenous luminescence to decay. Approximately 5 x 106 CFU of P. aeruginosa per ml in CP-NB (10:1; final pH 5.6) were exposed to BP at 37°C in a reciprocal water bath shaker. At timed intervals, 1-ml samples were removed and extracted for 5 min at room temperature after addition of 1 N perchloric acid. The pH was restored to 7.75 with 1 N KOH and 1.5 M Tris-EDTA buffer. Diluted FLE-50 (0.4 ml) was added to each 1-ml sample just before single photon counting in a Beckman LS-7500 liquid scintillation counter. Samples were counted for 2 min, and peak counts per minute were converted to moles of ATP with a standard curve derived from measurements of known amounts of ATP disodium salt (Sigma Chemical Co. Effect of BP on amino acid uptake and incorporation. The effect of BP on cellular active transport and amino acid incorporation was examined with radiolabeled proline (Fig.  1 ) or leucine. Untreated P. aeruginosa type I accumulated proline at a constant rate which paralleled its incorporation into macromolecular protein represented by a TCAinsoluble fraction (Fig. 1A and B) . The addition of 1 BU of BP caused an immediate and pronounced decrease in uptake of proline. At 4 BU, an initial efflux of free proline was seen at 6 min (Fig. 1A) . Corresponding to the decrease in amino acid uptake, a rapid inhibition of protein synthesis occurred (Fig. 1B) . Similar results were obtained with E. coli B, with P. aeruginosa incubated at pH 7.0, and with the substitution of L-[U-_4C]leucine for proline (data not shown). At concentrations of <1 BU, the decline in uptake and incorporation of amino acids was proportional to the percentage of bacteria killed. It was demonstrated with Proteus mirabilis, a bacterium resistant to BP, that amino acid uptake and incorporation were not affected by BP, although uptake and incorporation were readily stopped when 50 ,uM CCCP or 20 mM KCN was present (data not shown).
Effect of BP on respiration. The effect of BP on the respiration of P. aeruginosa type I was examined without and with 30 mM CaCl2, added before or after BP (Fig. 2) . Cells not exposed to BP respired at a constant rate for approximately 30 min and until the oxygen in the reaction vessel was depleted. The addition of BP to the cell suspension had an immediate effect of decreasing the rate of respiration, which continued to decline exponentially until respiration ceased completely at approximately 30 min after exposure to BP ( Fig. 2A) . At (Fig. 4A) . Control cells showed only a slight increase in ratio from 0.26 to 0.31. Although the cytoplasmic membrane potential of P. aeruginosa type I dropped with exposure to both BP and 50 ,uM CCCP, it did not totally dissipate. Under the same experimental conditions, the membrane of rough strain E. coli B was completely depolarized within minutes of addition of 50 ,uM CCCP or within 10 to 20 min of addition of 1 BU or BP (Fig. 4B ). Under these conditions of decreased temperature, killing of bacteria did not reach 95% until 10 min after exposure to BP. DISCUSSION BP purified from normal PMN is a 55,000-molecularweight protein with amino acid composition, molecular weight, bactericidal potency, and bactericidal specificity (Hovde and Gray, in preparation) which are closely similar to those of two proteins described in the literature. Weiss et al. isolated a 58,000 to 60,000-molecular weight protein from chronic myelogenous leukemia cells with greatest bactericidal activity against rough strains of Salmonella typhimurium or E. coli (17) . They refer to this protein as bactericidal/permeability increasing protein (B/PI). The second protein, as reported by Shafer et al., is a 57,000-molecular-weight protein from chronic myelogenous leukemia cells with a similar microbicidal specificity and is referred to as cationic antimicrobial protein (CAP) (13) . A physiological mechanism of action for cationic antimicrobial protein towards S. typhimurium and E. coli has not been reported, but Weiss et al. have reported that B/PT creates a discrete outer membrane permeability change (17) . Bactericidal and permeability-increasing activities of B/PI were both inhibited by Ca" or Mg2+ (17) . The authors suggest that the alteration in membrane permeability may be a physiological lesion leading to death of these microorganisms (1, 17) . They also report that there is no significant change in bacterial macromolecular synthesis for up to 2 h after irreversible loss of the ability to form colonies (1, 17) .
The effect of the BP on P. aeruginosa is strikingly different from that of B/PT on S. typhimurium and E. coli. We have observed dramatic alterations in amino acid transport, respiration, and membrane potential within minutes of exposure of P. aeruginosa to BP. We believe that bacterial death is the consequence of a biochemical lesion of the cytoplasmic membrane, specifically, a lesion causing membrane depolarization. The physiological studies done by Weiss et al. (17) were carried out at pH 7.0, the reported optimum for B/PI. In an effort to explore the differing effects of BP and B/PT, some of our experiments were repeated at pH 7.0. The amino acid transport and incorporation studies and the respiration studies at pH 7.0 showed the same rapid and dramatic changes of BP-treated P. aeruginosa seen under more acidic conditions. Other differences in composition of incubation media would not appear to account for the divergent results. One might also argue that the different results are merely a reflection of the differences between the microorganisms studied by the two laboratories. However, we found an even more profound difference when rough strain E. coli B was substituted for P. aeruginosa in our membrane depolarization experiments (Fig. 4B) . The effect of BP on respiration and amino acid incorporation by E. coli B and P. aeruginosa was similar. Thus, we cannot explain the very different effects of BP and B/PI at this time.
P. aeruginosa is an aerobic organism which derives all of its energy from oxidative phosphorylation. According to the chemiosmotic theory of Peter Mitchell, the driving force in maintaining ATP in an aerobic organism is the membrane potential which is composed of both a chemical and an electrical gradient across the membrane (9) . Dissipation of this potential can be associated with the physiological changes we have observed with exposure to BP. Respiration and active transport would both cease and, without uptake of amino acids, protein synthesis would also stop. It was, however, surprising to see no change in ATP levels. Theoretically, one would expect that ATP levels would drop rapidly as the membrane potential is dissipated. The simplest explanation for our result is that ATP is neither synthesized nor utilized by BP-treated P. aeruginosa. Protein synthesis, the metabolic function requiring the most energy, has all but ceased and it may be that ATP levels remain constant because the cells are "paralyzed" in terms of both ATP synthesis and utilization.
The time course of change in membrane potential is of particular interest in assessing whether it is a cause or an effect of cell death. We believe that it is an early event after BP binds to the cells. The experiments with sensitive E. coli B (rough strain) showed that membrane potential drops to zero within minutes of death due to BP. The membrane potential experiments were done at a lower temperature (24 versus 37°C) to enhance thiocyanate exclusion by untreated bacteria. It appears that delayed and partial depolarization is a perculiarity of P. aeruginosa at the lower temperature of this assay. The crucial point is that BP depolarized the membrane at a similar rate and to a similar extent as did CCCP, a known depolarizing agent.
The pattern of physiological changes seen in P. aeruginosa as it is killed by purified BP supports a hypothesis that the mechanism of action of this natural "antibiotic" is one of cytoplasmic membrane damage. The actual process by which BP creates membrane depolarization has not yet been explored, but it may be similar to the action of some colicins. Colicin El and Ia are 56,000 and 79,000-molecular-weight proteins, respectively, and are synthesized by certain plasmid-harboring E. coli (6) . When sensitive E. coli are killed, the evidence suggests that these colicins form an ionpermeable channel in the bacterial cytoplasmic membrane which leads to dissipation of membrane potential (2) . E. coli killed by colicin El display physiological changes similar to the effects of BP on P. aeruginosa (2) . Interestingly, increased outer membrane permeability is a consequence of membrane depolarization due to colicin El (2) . While this may also explain the outer membrane permeability changes described by Weiss et al. (17) , it does not reconcile the striking differences observed in the effects of BP and B/PT on protein synthesis. We hope to clarify this discrepancy by examining the E. coli Olll:B4 and S. typhimurium 395MS strains studied by these authors (16 
